Derivatives of IS7 77, the Streptomyces coelicolor A3(2) 2.6 kb minicircle, transpose efficiently in Mycobacterium smegmatis, targeting chromosomal sites resembling translation start signals. Two IS7 7 7 derivatives, plJ4696 and plJ4697, containing a Streptomyces hygromycin-resistance gene in opposite orientations were introduced into M. smegmatis by electroporation and found to integrate into one of three specific sites. Integrations a t sites A and B were frequent while integration a t site C was observed only once. Only one site was occupied in each transformant. Sites A and B had either single or tandem integrations. PFGE analysis located these sites on different genomic Asel fragments. The sequences of the chromosome-IS7 7 7 junctions confirmed that integration was via the same IS777 attachment site as in Streptomyces, that there was no target site duplication, and that the orientation of IS777 a t each site was fixed. In contrast to the situation in Streptomyces lividans, no deletions were created by the transposition and no circular forms could be detected. Comparison of the three M. smegmatis chromosomal IS7 7 7 target sites (att,) with known primary and secondary 5. lividans att, sites showed that only a 2 bp 'AG' sequence a t the crossover point was conserved. Dividing the att, sites into two groups produced two longer consensus target sites, GtcAAGg and gCCGATAGg. Most of the IS777 target sites resemble translational start sites, and site C resembles stron,gly the amino-terminal sequence of a Mycobacterium tuberculosis aminopeptidase. The level of hygromycin resistance in the transformants was high and independent of the site of integration, the number of copies integrated, or the orientation of the hyg gene. pIJ4696 a t all three sites was stable in M. smegmatis in the absence of selection for a t least 60 cell divisions. plJ4696, plJ4697 and other IS777 derivatives are promising vectors for the stable, integrative cloning of genes in M. smegmatis. ~ Keywords : 2.6 kb minicircle, hygromycin resistance, site-specific integration, consensus I target sites, PFGE
INTRODUCTION
The 2527 bp element IS117 of Streptomyces coelicolor A3(2) forms a covalently closed circular transposition intermediate, the '2.6 kb minicircle' (Henderson et al., 1989; Lydiate et al., 1986) . It encodes a transposase gene which is similar to those of IS110 (Bruton & Chater, 1987) and IS116 (Leskiw et al., 1990) of Streptomyces, IS900 of Mycobacterium paratuberculosis (Green et al., Abbreviations: att,, bacterial (chromosomal) IS1 77attachment site; att,, IS1 17 (minicircle) attachment site. (Bartlett & Silverman, 1989) , IS2 000 of Thermus thermophilus (Ashby & Bergquist, 1990 ) and several putative transposases of mycobacteria (Kunze et al., 1991 ; Moss et al., 1992) , Rhodococcus (Kulakova et al., 1997) , Coxiella (Hoover et al., 1992) , Moraxella (Fulks et al., 1990) , Agrobacterium (Zhu & Winans, 1998) , Rhizobium (Freiberg et al., 1997) and Yersinia (Rakin & Heesemann, 1995) . IS1 17 and its relatives lack terminal inverted repeats and do not create target site duplications. Streptomyces lividans, a close relative of S. coelicolor, lacks IS2 17 but contains a single preferred attachment site, att,, which is identical to one of the IP: 54.70.40.11
1989), IS492 of Pseudomonas atlantica
On: Sat, 08 Dec 2018 20:36:14 A. BHATT a n d T. K I E S E R IS21 7 attachment sites of S. coelicolor (Henderson et al., 1989) . The only sequence identity between the IS227 attachment site, att, ('M' stands for minicircle), and the att, sites of S. liuidans and S. coelicolor is TAG at the crossover point. Most S. liuidans transformants contained two adjacent tandem copies of IS117 which originated from independent elements that were introduced into the same cells by co-transformation (Smokvina et al., 1994) . Transformation of an S. liuidans strain lacking att, gave integration into secondary attachment sites at a reduced frequency (Henderson et al., 1990) . Interestingly, integration into secondary IS2 2 7 attachment sites produced large chromosomal deletions extending from the sites of insertion (Smokvina & Hopwood, 1993 
METHODS
Bacterial strains, transformation and media. The Mycobacterium smegmatis strain mc2155 (Snapper et a/., 1990) was grown in 7H9 broth (Difco) containing 0.05 O/ O Tween 80 and 5% ODAC supplement (Difco; ODAC contains oleic acid, dextrose, albumin and catalase). Electroporation of mc2155 was done as described by Snapper et al. (1988 Snapper et al. ( ,1990 . After the 2500 V electric pulse, the cells were diluted in 5 ml supplemented 7H9 broth and incubated with shaking for 2 h at 37 "C to allow expression of the resistance gene. Antibioticresistant transformants were selected on 7H11 agar (Difco)
glycerol and 10 pg kanamycin sulphate ml-' (Sigma) or 100 pg hygromycin ml-l (a gift from E. T. Seno, Eli Lilly, Indianapolis). For cloning in Eschevichia coli, the strain DH5a (Woodcock et al., 1989) was used as host. Transformants were selected on L agar containing 50 pg carbenicillin ml-'.
Extraction of genomic DNA. Genomic DNA was extracted from M . smegmatis rnc'1.55 by the salting-out method (Pospiech & Neumann, 1995) .
PFGE. Agarose plugs containing M . smegmatis cells were prepared, digested with AseI, and fractionated by PFGE as described for S. coelicolor (Kieser et al., 1992) . The 0.5 x Tris/borate/EDTA (TBE) electrophoresis buffer needed to be supplemented with 50 pM thiourea (Sigma) to obtain sharp, high-molecular-mass bands (K. Dharmalingam, personal communication). The gels were subjected to electrophoresis for 24 h at 6 V cm-l and 14 "C. The pulse times were 5-25 s (linear ramp) at an angle of 120". Southern hybridization. Digested chromosomal DNA was fractionated on 0.8% agarose gels in TBE buffer and transferred onto Hybond-N membrane (Amersham) and hybridized as described in Sambrook et al. (1989) . The final wash was in 0.1 x SSC at 67 "C.
PCR amplification. IS11 7 integration (att,) sites were PCRamplified from non-transformed M . smegmatis genomic DNA in a Stratagene Robocycler using the following primers: A 1 (5'-CCGGATCCTACTTCGACCGTGGGCAG-3') and A2 (5'-GGAATTCGGTAGGGAGTCAGGCCGG-3') for site A ; B l (5'-GGAATTCGATCTCGGCGTACGGCAG-3') and B2 (S'-GGATATCCGTGCCTATCCCGACCTG-3') for site B ; C1 (S'-GGATATCGATGATGCTCCGGAATCG-3') and C2 (S'-GAAGCTTGTGGTCGACCGGAAGGTG-3') for site C. Boehringer Mannheim T a q DNA polymerase and buffer were used in the reaction with the following conditions: denaturation at 96 "C for 1 min, annealing at 55 "C (for site C) or 60 "C (for sites A and B) for 2 min, and extension at 72 "C for 1 min; total cycles = 30. The reaction was preceded by a hot start (96 "C for 5 min) and was finished with a final extension reaction for 10 min.
DNA sequencing. Plasmid DNA for double-strand sequencing was purified using the QIAGEN plasmid purification kit. PCR products for sequencing were extracted from agarose gels using the QIAquick gel extraction kit. Sequencing reactions were done using the Amersham Thermo Sequenase dye terminator sequencing kit and the oligonucleotide primers MC1 (S'-CAGCGGCGCCGGTCTCAGAGAGAG-3') and MC2 (S'-TCATGAGCACACCCTGGCAGCAGC-3').
RESULTS AND DISCUSSION
Introduction of IS1 17 derivatives into M. smegmatis by electro po ra ti on Two IS2 2 7 derivatives, PI 54696 and PI 54697, were used (details in Fig. 1 ). They differ only in the orientation of the hyg gene, and they were useful to detect a possible dependence of the hygromycin resistance on external promoters. N o hygromycin resistance was detected in E. coli because the Streptomyces promoter is not expressed. The two constructs were introduced into M. smegmatis mc21.S5 by electroporation. Similar numbers of hygromycin-resistant colonies were obtained with PI 54696 and PI 54697, and no hygromycin-resistant colonies appeared in the transformation control without DNA. The autonomously replicating pAL.5000 derivative pYUB12 (Snapper et al., 1988) was used as an internal control for the transformation frequency. In four independent experiments using 1 pg pIJ4696 and 0.5 pg pYUB12, the transformation frequency of PI 54696 was between 4 and lSO/O of that of pYUB12 [Om5 x lo5 transformants (pg DNA)-l]. In S. liuidans the transformation frequency of a minicircle derivative was only 0.2% of that of an autonomously replicating plasmid (Henderson et al., 1989) .
IS117 integrated into three specific sites in M. smegmatis
Total DNA from 10 pIJ4696 and 10 pIJ4697 transformants was digested with EcoRI, fractionated on an agarose gel and probed with random prime labelled PI 54696 or PI 54697 DNA. Each plasmid has two EcoRI sites, one of which is in the hyg fragment (Fig. 1) .
Digestion of the circular plasmids gave two EcoRI h y g r o m y c i n -r es i s t a n ce gene ( p h 0 s p h o t r a n s f e r a se) ~-~ fragments, one of which contained att,. In all 20 transforniants the ' internal ' fragment without att, remained unchanged (Fig. 2) . In 14 samples (labelled 's' in Fig. 2 ) the att,-containing fragment was replaced by two 'flanking' fragments of varying sizes that were always larger than the att,,-EcoRI distances. This is the expected pattern for the transposition of a single complete plasmid into the genome. The remaining six samples (labelled ' t ' in Fig. 2 ) contained an additional band corresponding in size to the uninterrupted att, fragment at half the intensity of the internal fragment. This is the pattern expected for tandem insertion of two elements that was predominant in S. lividans (Henderson et al., 1989 
Levels of hygromycin resistance
The strains were tested for their levels of antibiotic resistance by spot-inoculating 10-fold dilutions of cultures onto 7Hll plates containing 0,5, 10,20,40, 80, 100,200,300 or 400 pg hygromycin ml-'. Single colonies of untransformed mc2155 failed to grow on 5 pg hygromycin ml-' and a dense patch inoculated with approximately 10" cells failed to grow on 40 pg hygromycin ml-'. Single colonies of all the transformed strains grew normally on 400 pg hygromycin ml-l, irrespective of the site of integration, the orientation of the h y g gene or the copy number. Therefore, it is unlikely that the observed target-site specificity was influenced by the selection of transformants on 100 pg hygromycin ml-'.
plJ4696 is stably maintained in M. smegmatis
Starting with a single hygromycin-resistant colony, one pIJ4696 transformant of each type (single integrations in each site and tandem integration in site A) was propagated nonselectively for 60 doublings in 7H9 broth. Each culture was then plated for single colonies on 7 H l l agar. All 200 tested colonies (50 from each transformant)
were hygromycin resistant. By comparison, the autonomously replicating pAL5000 derivative was lost from >70% of the culture under the same conditions (England et al., 1991) . A. BHATT a n d T. KIESER formants, they could not be detected in Southern blots of digested (Fig. 2) or undigested (data not shown) total DNA. Oligonucleotide primers MC1 and MC2, reading from both sides towards att,, were used for PCR amplification. This produces a 265 bp fragment both from circular forms and also from tandem copies. DNA from a transformant with tandem integrations which was used as a positive control gave a band of expected size. Low yields of products of different sizes were obtained from the transformants with single insertions at sites A, B and C. One of these faint bands co-migrated with the 265 bp positive control but after purification from the gel and reamplification, it gave a different Hue111 restriction pattern from the control. Therefore, circular IS117 derivatives could not be detected in M. smegmatis containing single insertions. This suggests that once IS117 is integrated excision is much less frequent than in Streptomyces. This may also explain why the elements did not transpose from the original insertion sites to the other sites to give multiple insertions.
Cloning of the M. smegmatis IS1 17 integration sites pIJ4696 has the pBR327 replication origin and the bla gene for selection in E. coli, and no Asp718 site. It was therefore possible to excise the plasmid together with flanking sequences by digestion of total DNA with Asp718. The digested samples were re-ligated at low DNA concentration (200 ng ml-l) and used to transform E. coli DH5a. Plasmids isolated from these transformants contained, as expected, a* single Asp718 site. The sizes of the plasmids containing tandem copies confirmed that two copies were present. No trans- 
Sequences of the IS1 17 integration sites
The above plasmids and two 24-mer primers, MC1 and MC2, reading from each side towards attM were used for sequencing. The sequences confirmed that, as in S. liuidans, integration was via the known att, site, that there was no target site duplication, and that the orientation of IS117 at each site was fixed. Fig. 3 shows an alignment at the crossover point of the three M . smegmntis target sites with those already known from S. liuidans (Smokvina & Hopwood, 1993 is 71-72%, only slightly higher than the 67% average for M . smegmatis. High G + C DNA contains few outof-frame stop codons but protein coding regions can be recognized reliably because most amino acid codons containing G or C in positions one and three are used preferentially (Bibb et al., 1984) . All the sites seem to be in untranslated regions. It is therefore likely that IS117
targets, at least partly, translation initiation signals, as was described by Doran et al. (1997) for IS900, which has a similar transposase.
IS1 17 integration into M. srnegmatis did not cause deletions
Insertion of IS1 1 7 into secondary att, sites in S. liuidans frequently caused deletions at the target site (Smokvina & Hopwood, 1993) . The deletions may have arisen from two IS2 17 derivatives transposing into the chromosome a few kilobases apart but in the same orientation. Efficient recombination between the two elements would delete the intervening (non-essential) DNA and produce the observed strains containing IS117 flanked by noncontiguous DNA. To test for deletions in M . smegmatis transformants, the distance between the sequences that flank inserted IS117 was estimated in the non-transformed strain using PCR amplification with primers homologous to the left and right flanking sequences. The primers used are described in Methods. The sizes of the observed amplification products were as predicted from the sequence, and sequencing of the PCR products proved that they did contain the att, sites A, B or C. Therefore, IS117 did not cause deletions in M . smegmatis.
Concl u d i ng re ma r ks
IS2 17 always integrated in the same orientation into one of three sites in M . smegmatis, and the hygromycin resistance was independent of the orientation of the gene or the site of insertion. This, and the high stability in the absence of antibiotic selection, make PI 54696 and PI 54697, which contain unique BamHI cloning sites, promising vectors for cloning foreign genes in M. smegmatis, and possibly other mycobacteria. Other potentially useful IS2 2 7 vector derivatives have also been described (Motamedi et al., 1995) . IS900 from M. paratuberculosis, which integrates into several genomic sites in M. smegmatis, has also been used as a stable integrative vector (Dellagostin et al., 1993 ; England et al., 1991) . The relative transformation frequencies obtained with pIJ4696 were 4 1 5 % of that of the autonomously replicating pYUB12, which compare favourably with the values of 0.02-0-05% reported for the IS900 derivatives.
Surprisingly, there are two different IS2 2 7 att, consensus sequences of only 7-9 bp in length. Since these sites would be expected to occur several times in the M. smegmatis genome, it is likely that there are additional sequence features that are recognized by the IS227 transposase. No perfect direct or inverted repeats are present in all the att, sequences. It seems, however, that IS2 2 7 has a partial preference for translational start sites as was observed previously for IS900 (Doran et al., 1997) . IS900 has the sequence AAGGA at its 3' end which could function as a RBS while in IS227 the sequence GGA is present 1 bp upstream of the crossover point.
